Sorghum is an important target of plant genomics. This cereal has unusual tolerance to adverse environments, a small genome (750 Mbp) relative to most other grasses, a diverse germplasm, and utility for comparative genomics with rice, maize and other grasses. In this study, a modi®ed cDNA selection protocol was developed to aid the discovery and mapping of genes across an integrated genetic and physical map of the sorghum genome. BAC DNA from the sorghum genome map was isolated and covalently bound in arrayed tubes for ef®cient liquid handling. Ampli®able cDNA sequence tags were isolated by hybridization to individual sorghum BACs, cloned and sequenced. Analysis of a fully sequenced sorghum BAC indicated that about 80% of known or predicted genes were detected in the sequence tags, including multiple tags from different regions of individual genes. Data from cDNA selection using the fully sequenced BAC indicate that the occurrence of mislocated cDNA tags is very low. Analysis of 35 BACs (5.25 Mb) from sorghum linkage group B revealed (and therefore mapped) two sorghum genes and 58 sorghum ESTs. Additionally, 31 cDNA tags that had signi®cant homologies to genes from other species were also isolated. The modi®ed cDNA selection procedure described here will be useful for genome-wide gene discovery and EST mapping in sorghum, and for comparative genomics of sorghum, rice, maize and other grasses.
Introduction
Sorghum (Sorghum bicolor) is a C 4 grass that is well adapted to the semi-arid tropics (Quinby, 1974) . This grain crop is the ®fth most important cereal grown worldwide, due in large part to its unusual tolerance to adverse environments (Doggett, 1988) . For this reason and others, the genetic and physiological basis of sorghum's environmental stress tolerance has been the subject of numerous investigations (Blum et al., 1990; Crasta et al., 1999; Salih et al., 1999; Seligmann, 1998; Tuinstra et al., 1998) . More recently, plant scientists interested in genomics have been attracted to sorghum because its genome is small (750 Mbp) relative to most grasses such as maize (Zea mays, 2400 Mbp) and wheat (Triticum aestivum, 16 000 Mbp) ± with the exception of rice (Oryza sativa, 430 Mbp) (Arumuganathan and Earle, 1991) . Over the past several years, high-resolution genetic maps of sorghum have been generated (Chittenden et al., 1994; Hulbert et al., 1990; Peng et al., 1999; Pereira et al., 1994; Ragab et al., 1994; Xu et al., 1994) , BAC libraries constructed (Tao and Zhang, 1998; Woo et al., 1994) , a sorghum EST project initiated, and an integrated genetic and physical map developed using six-dimensional pooling and AFLP technology (Klein et al., 2000) . Sorghum is not currently the subject of a genome-wide sequencing project, therefore the sorghum genetic and physical map is the starting point for the isolation of genes that control important traits in this cereal.
A rough draft of the rice genome sequence has been obtained and will soon be available (Pennisi, 2000; The Plant Journal (2001) Bouchie, 2001 ). This will accelerate gene discovery in sorghum and other grasses, because gene sequences and the order of genes in grass genomes on a chromosome level are highly conserved (Gale and Devos, 1998; Moore et al., 1995) . However, recent analysis of the Adh and Sh regions from rice, maize and sorghum showed that, while there is conservation of gene order along short segments of the genomes of these species, there are also insertions, deletions, duplications and translocations of genes within these same regions (Avramova et al., 1996; Chen et al., 1997; Tarchini et al., 2000; Tikhonov et al., 1999) . Therefore the identi®cation of candidate genes in sorghum trait loci by comparison to the rice genome sequence will require high-resolution cross referencing of the sorghum and rice genomes. Information about the genes encoded by BACs from the sorghum genetic and physical map should greatly facilitate segmental alignment of these two genomes.
Direct selection of cDNA sequences on BAC or YAC clones has been used previously to identify genes encoded in segments of genomic DNA (Lovett et al., 1991; Parimoo et al., 1991) . This method utilizes hybridization of cDNA to genomic inserts in BAC or YAC clones, followed by analysis of the captured cDNAs to identify genes encoded in the targeted region of the genome. There are several advantages of using cDNA selection as a tool for gene mapping and discovery. First, direct selection analyzes the expressed portion of a genome, thus reducing the cost of gene discovery. Second, this method can identify and map genes that are expressed at low levels. Previous studies showed that mRNAs represented at one in 100 000 to one in 1 000 000 could be captured and identi®ed using this technique (Lovett et al., 1991; Parimoo et al., 1991; Tagle et al., 1993) . Third, direct selection normalizes the abundance of cDNA sequences captured on each BAC or YAC clone due to multiple rounds of hybridization to equal molar amounts of genomic DNA encoding different genes. In addition, cDNAs from abundantly expressed genes are not captured unless they reside on the BAC or YAC clone being analyzed. Fourth, if the genomic clones used in direct selection are derived from a trait locus located on an integrated genetic and physical map, then the sequences obtained may identify candidate genes for follow-up analysis (Means et al., 2000; Sharma et al., 1998; Tripodis et al., 2000) . The primary challenge in the use of direct selection involves recognizing and reducing the number of repetitive sequences and non-homologous gene sequences recovered by this procedure. Additionally, previous implementations of direct selection were not designed for use in genome-wide gene mapping studies, but were only used to target well de®ned trait loci.
In this report, we tested a modi®ed form of cDNA selection using a fully sequenced 152 kbp PHYA-containing sorghum BAC. The procedure was further tested by creating a low-density transcript map along sorghum linkage group B (linkage group designation according to Peng et al., 1999) . Using 35 BACs linked to markers from linkage group B and representing approximately 5.25 Mbp of the sorghum genome, 492 unique cDNA sequences were identi®ed, 185 of which have homology to known genes or ESTs. Thirty-six cDNA tags that were selected by linkage group B BACs had similarity to 31 known genes from several species, and the map positions of the putative sorghum homologues of these genes are thus determined. Two sorghum genes and 58 different sorghum ESTs were also mapped to linkage group B by virtue of sequence identity with BAC selected cDNAs. These data are discussed regarding their usefulness as a resource for further research with sorghum, for creating microarrays, and for comparative genomic studies between sorghum and other grass species.
Results

Direct selection protocol
The cDNA selection procedure used in this study is shown in Figure 1 . BAC clones from an integrated physical and genetic map for sorghum (Klein et al., 2000) were chosen for study. BAC DNA was isolated from these clones, digested with EcoRI, and covalently bound in Nucleolink tubes (Nalge-Nunc, Naperville, IL, USA) using carbodiimide chemistry (Rasmussen et al., 1991) . Nucleolink tubes were used for direct selection because they are readily arrayed in standard 96-well PCR racks, allowing all steps in cDNA selection to be performed with hand-held or robotic multi-channel pipetters. In addition, Nucleolink tubes are able to bind up to 66 ng (approximately 600 fmol) of single-stranded EcoRI-digested BAC DNA. This is comparable to the approximately 2±100 ng of BAC DNA applied to membranes in earlier direct selection protocols (Lovett et al., 1991; Parimoo et al., 1991) . The ®nal step in tube preparation involved denaturing BAC DNA fragments covalently attached to the tube surface, followed by washing to remove unbound DNA (Figure 1) .
The preparation of the cDNA used for direct selection will greatly affect the types of sequences that are ultimately cloned and analyzed. Direct selection of low abundance cDNAs requires multiple rounds of hybridization and PCR ampli®cation (Figure 1 ; Lovett et al., 1991; Parimoo et al., 1991) . Unfortunately, multiple rounds of PCR often result in preferential ampli®cation of short PCR products, which can result in the capture of small segments of cDNA primarily from the 3¢-ends of genes. To obtain more uniform coverage of the coding regions of expressed genes, ampli®able cDNA fragments were generated from multiple sites within most cDNAs (Figure 2 ). We refer to the ampli®ed cDNA sequences produced by this procedure as cDNA tags, in order to distinguish them from full-length cDNAs. These cDNA tags were generated by priming cDNA synthesis using a poly(T) primer with one selective base to eliminate long poly(A) tracts, followed by digestion of the resulting cDNA with the restriction enzyme MseI, which recognizes the four-base sequence TTAA. MseIcompatible adapters and blunt-ended adapters were ligated to the resulting cDNA fragments. The blunt-ended adapters ligate to the 5¢-ends of DNA fragments generated during cDNA synthesis, whereas the MseI-compatible adapters ligate to all cDNA fragments with MseI ends. The resulting adapter-ligated cDNA fragments contain either two MseI adapters, or one MseI adapter and one blunt-ended adapter that ligated to a cDNA 5¢-terminus. Segments of cDNA containing two MseI adapters will not be ampli®ed ef®ciently due to suppression PCR (Siebert et al., 1995) , whereas cDNAs with one MseI adapter and one 5¢-blunt end adapter amplify readily. Because of inef®ciencies in cDNA synthesis, and the use of a poly(T) primer, the population of cDNAs generated from any given mRNA in our study ranges from full-length cDNAs to less than full-length cDNAs that contain the transcript 3¢-end. For this reason, cDNA tags prepared as described above will nearly always include ampli®able 5¢-fragments adjacent to every MseI site present in each expressed gene (Figure 2 ). In addition, the poly(T) primer used for cDNA synthesis contains an extra sequence with an MseI restriction site (see Experimental procedures). Thus even cDNAs without an internal MseI restriction site will be represented by at least one 3¢-end cDNA tag. The MseI site embedded in the poly(T) primer also ensures that cDNA tags from the 3¢-ends of all genes can be isolated (Figure 2 ).
An important feature of direct selection is its ability to capture cDNA from rarely expressed genes. In order to determine the enrichment power of our procedure, a known tag derived from the pBeloBAC 11 chloramphenicol Figure 2 . Method for preparation of ampli®able cDNA tags. Poly(A) RNA (a) is used for cDNA synthesis using a modi®ed oligo dT primer (see Experimental procedures). Because of inef®ciencies in ®rst-strand synthesis, cDNAs of various lengths result from full-length mRNAs from the same gene (b±d). The cDNA pool is digested with MseI. The modi®ed oligo dT (blue) contains an MseI restriction site that is also cut. An MseI adapter (red) and a Blunt-end adapter (green) are ligated to the cDNA fragments. Because of suppression PCR, only cDNA fragments with an MseI adapter and a Blunt-end adapter (e) will amplify ef®ciently. Figure 1 . General outline of the direct cDNA selection protocol. BACs linked to markers on the sorghum genetic map are individually prepared and covalently bound to Nucleolink tubes. cDNA selection involves two rounds of hybridization. During the ®rst round, the sample is enriched for cDNA that speci®cally binds to the BAC DNA (red fragments), and non-speci®cally bound sequences (green fragments) are washed away. During the second round of hybridization, there is a further enrichment of low abundance, speci®cally bound cDNA and further reduction of background sequences. resistance gene (CAT) was added to sorghum cDNA at different molar ratios (1 : 100 to 1 : 1 000 000) ( Table 1 ). The cDNA tag populations containing the added CAT fragment were subjected to two rounds of selection on sorghum BAC sbb3766. The cDNA tags selected by this experiment were cloned, and the proportion of clones containing the CAT sequence determined by ®lter hybridization. In all ®ve dilutions tested there was a signi®cant enrichment of the CAT clone at the end of the selection process (Table 1) .
Direct selection of cDNA on sorghum BAC sbb3766
The direct selection procedure described here was further tested by capturing cDNA tags onto a fully sequenced sorghum BAC, sbb3766 (Genbank accession AF369906; D.T. Morishige, K.L. Childs and J.E. Mullet, unpublished results) . This BAC has an approximately 152 kbp insert and contains the PHYA gene that maps to sorghum linkage group A (Childs et al., 1997) . The sequence of sbb3766 was examined with the aid of NIX annotation software which uses BLAST analyses and gene-prediction software to aid in the identi®cation of coding sequence [G.W. Williams, P.M. Woollard and P. Hingamp (1998) , http://www.hgmp.mrc. ac.uk/NIX/]. BAC sbb3766 contains ten known genes and ®ve retrotransposon-like elements. NIX analysis also suggested that BAC sbb3766 may encode up to eight additional genes (Table 2, predicted genes). Using cDNA prepared from sorghum leaf and root tissues, a total of 230 cDNA tags selected on sbb3766 were sequenced and analyzed. The cDNA tags recovered after direct selection average approximately 120 bp in size, long enough to readily identify related gene sequences in other species. However, the length of these sequences is suf®ciently short so that tags can be concatenated prior to sequencing, which helps reduce the cost of acquiring cDNA tag sequences. One hundred and sixty-one cDNA tags selected by sbb3766 had sequence identity with sbb3766, and these tags are represented by 70 different cDNA tags after removing duplicate sequences (Genbank accessions BF506781 to BF506850). The total number of sbb3766-selected cDNA tags obtained per gene (including duplicate tags) ranged from a high of 37 for PHYA to no tags captured from several genes ( Table 2) . On average, the available non-repetitive cDNA tags were recovered 2.3 times, with a range of 1±7 times. The cDNA sequences were derived from eight of the ten known genes and seven of the eight genes predicted by NIX analysis ( Table 2) . Most of the remaining cDNA tags selected in this experiment (69/230) were repetitive sequences corresponding to rDNA sequences or retrotransposon-like elements that did not reside on sbb3766.
The method used for the preparation of cDNA tags was designed to generate tags from all parts of even long genes. Close examination of the tags captured by PHYA (3.8 kb) shows that the cDNA tags were derived from throughout this gene ( Figure 3) . Three of the tags correspond to sequences very close to the 5¢-end of the PHYA transcript; 27 tags originated from 12 different internal sites; and seven tags were derived from the 3¢-terminus of the PHYA transcript.
Because the BACs used for cDNA selection are linked to the genetic map, the sequences of cDNA tags obtained by direct selection can identify and assign sorghum ESTs to speci®c locations on the sorghum genetic map. There were 13 sbb3766-selected cDNA tags that had 97% or greater sequence identity with sorghum ESTs, and these ESTs were derived from three of the known genes and two of the predicted genes encoded by sbb3766. Six of the ESTs have identity with the PHYA cDNA sequence, creating a cluster of larger sequences covering approximately 50% of this gene at the 3¢-end (data not shown). Three additional cDNA tags captured by sbb3766 were found to have sequence identity to sorghum ESTs (97% identity), but neither the cDNA tags nor the ESTs had any sequence similarity to sbb3766 (data not shown). These incorrectly selected cDNA tags comprise less than 2% of the nonrepetitive cDNA tags captured by sbb3766. The ESTs identi®ed by these tags could have been mistakenly mapped to sbb3766 if these genes were located on the sorghum genome map based solely on direct selection of a single sequence tag.
Direct selection of cDNA on BACs from sorghum linkage group B
As an initial implementation of cDNA selection to aid in the mapping of sorghum genes on our combined genetic and physical map (Klein et al., 2000) , 35 BACs linked to 26 mapped markers along sorghum linkage group B were used for cDNA selection (Figure 4) . A total of 1317 cDNA tags were isolated and sequenced after selection on BACs from linkage group B. Four hundred and sixty cDNA tags (35%) were derived from repetitive sequences and were removed from further analysis. Analysis of the remaining 857 cDNA tags revealed the presence of 490 different nonrepetitive sequences (Genbank accessions BF506851 to BF507340). BLAST analysis showed that 38% (185/490) of these cDNA tag sequences showed signi®cant similarity to sequences in the non-redundant gene or EST databases (BLAST E values = 10 ±4 ); the accession numbers of the genes or ESTs with the highest BLAST score for each selected cDNA are listed in Figure 4 . Ninety three cDNA tags had sequence similarity with sorghum ESTs. In 58 cases, identity between the selected cDNA tags and sorghum ESTs was deemed signi®cant (BLASTN identity = 97%), thus these sorghum ESTs are mapped to BAC clones assigned to linkage group B. The accession numbers of these mapped sorghum ESTs are displayed in red in Figure 4 . Thirty-six cDNA tags had sequence similarity to 31 genes from a variety of species. Additionally, the data also map two sorghum genes to linkage group B. Two non-identical cDNA tags selected by BAC sbb10143 had signi®cant BLASTN homology to a putative MADS box gene, and a single, 81 bp cDNA tag isolated by BAC sbb24935 had 100% identity with sorghum Opaque-2. These genes are also shown in red in Figure 4 . Many of the remaining cDNA tag sequences without homology to database sequences are likely to be derived from genes that have not yet been identi®ed, or from known genes that are suf®ciently diverged from sorghum to make identi®cation more dif®cult.
Discussion
The Arabidopsis thaliana and rice genomes are currently the target of complete genome sequencing projects. The 120 Mbp A. thaliana genome sequence has been completed, and two drafts of the 450 Mbp rice genome sequence were reported recently (Pennisi, 2000; Arabidopsis Genome Initiative, 2000; Bouchie, 2001) . These sequences will signi®cantly advance our understanding of plant genomes, and provide new tools for analyzing plant gene function. However, over 100 different plant species are of major economic importance or of special interest biologically. These plants are diverse, and often have very large genomes (Arumuganathan and Earle, 1991) . Therefore a central challenge for the plant genomics community is to learn how to use the A. thaliana and rice genome sequences to facilitate an understanding of this larger group of plant species at the genome level. Fortunately, gene sequences and gene order are often conserved among related groups of plants (Ahn and Tanksley, 1993; Gale and Devos, 1998; Moore et al., 1995; Van Deynze et al., 1998) . This suggests that high-resolution genetic and physical maps, well aligned to the rice or A. thaliana genome sequences, should be very valuable for predicting the gene content in trait loci of related species, and as the starting point for comparative gene sequencing and analysis.
Conservation of gene order at the chromosome level is especially striking among grass species such as sorghum, maize and rice, which diverged over the past 15±80 million years (Ahn and Tanksley, 1993; Gale and Devos, 1998; Van Deynze et al., 1998) . The sorghum genetic and physical map that we are constructing is linked to the rice, maize and other grass genome maps with numerous conserved molecular markers (Peng et al., 1999) . These genetic links will help to globally align the sorghum physical map and the rice genome sequence. However, recent studies have shown that, while there is conservation of gene order at the chromosome level in rice, sorghum and maize, there are also numerous exceptions in gene order (Avramova et al., 1996; Chen et al., 1997; Tarchini et al., 2000; Tikhonov et al., 1999) . Therefore a higher-resolution alignment between these genomes will be needed to utilize the rice genome sequence constructively for sorghum gene discovery. This genetic map of linkage group B and the associated BACs have been described previously (Klein et al., 2000) . Thirty-®ve BACs linked to linkage group B markers were used for cDNA selection. The numbers of unique cDNA tags isolated by cDNA selection with each BAC are indicated. The Genbank accession numbers of the genes and ESTs with the highest BLAST scores (E values of at least 10 ±4 or better) to BAC-selected cDNA tags are listed beneath each BAC name. The accession numbers of sorghum genes and ESTs that had signi®cant identity (97%) with BAC-selected cDNA tags are shown in red. Numbers in parentheses after accession numbers indicate the number of unique cDNA tags selected by the same BAC that had homology to that gene or EST.
In the absence of funding for a genome-wide sequencing effort in sorghum, we explored several ways to align the sorghum genome map to the rice genome and other grass genomes at high resolution. One goal of the work described here was to optimize and test the use of direct selection for mapping genes onto the sorghum genetic and physical map. If successful, this information could be used to align the sorghum and rice genomes at high resolution, and to connect research on sorghum genes to genome-wide analysis of gene function being carried out in rice, maize, A. thaliana and other species.
A modi®ed direct selection procedure Direct selection involves cloning cDNAs that hybridize to large genomic inserts present in BACs or YACs. The result is a series of cDNA clones and sequences corresponding to a subset of the genes encoded by a speci®c BAC or YAC (Figure 1 ; Lovett et al., 1991; Parimoo et al., 1991) . The direct selection procedure used in this study is based on previous work, but includes a number of modi®cations that make cDNA selection easier and scalable for a genome-wide project. For example, single-stranded DNA derived from BACs was covalently bound to Nucleolink tubes for downstream steps in the procedure. The Nucleolink tubes are economical and can be arrayed in a 96-well format, facilitating the use of multi-channel liquidhandling systems. In addition, a new method for generating PCR ampli®able cDNA tags was developed and used for direct selection. The procedure generates ampli®able DNA segments adjacent to MseI sites present in the population of cDNAs, plus ampli®able DNAs from the 3¢-end of each cDNA. The cDNA tags prepared in this way and collected after selection averaged approximately 120 bp in size. This allowed cDNA tags to be concatenated prior to sequence analysis, thereby reducing the cost of acquiring the sequence of each cDNA tag. Moreover, sequence tags of this size are ideal for database searches and will be useful for gene expression pro®ling experiments on microarrays.
The sensitivity of the modi®ed direct selection procedure developed here was tested using a probe from the CAT gene that is encoded by BAC vector DNA. The CAT gene tag was added at known concentrations to a population of cDNA tags generated from leaf and root mRNA. Analysis of the products of direct selection on sorghum BAC sbb3766 showed that a similar percentage of CAT tags were obtained when this sequence was present in the cDNA tag population at molar ratios of 1 : 100 to 1 : 10 000 (Table 1) . This demonstrated that normalization of abundant cDNA tags occurs during the direct selection procedure, as expected (Lovett et al., 1991; Parimoo et al., 1991) . Additional normalization occurs because selection is done with one BAC at a time, and only cDNA tags from genes on the targeted BAC will be isolated. cDNA tags from the several hundred most abundantly expressed genes in any given tissue will not be captured unless a highly expressed gene is encoded by the BAC being used for selection. When CAT tags were present at a ratio of 1 : 100 000 of the starting cDNA tag population, this sequence represented 0.6% of the tags after direct selection. This suggests that cDNAs present at ratios up to 1 : 100 000 could be identi®ed using the direct selection procedure described here, making the sensitivity of our protocol similar to previous types of direct selection (Lovett et al., 1991; Parimoo et al., 1991) . Preliminary experiments show that further improvement in the sensitivity of our direct selection protocol appears possible by increasing the concentration of cDNA tags added to the ®rst and second rounds of selection (data not shown).
The modi®ed direct selection procedure developed here was used to capture cDNA tags on a fully sequenced BAC, sbb3766, and on 35 additional BACs from sorghum linkage group B. Approximately 25±35% of the cDNA tags selected in these experiments contained repetitive sequences, and a signi®cant proportion of these came from retrotransposon-like sequences and other sorghum-speci®c repeats. Some portion of this type of sequence is expressed and will be present in our cDNA preparations. When a repetitive element is present in a BAC, such as the retrotransposon-like sequences in sbb3766, some non-speci®c hybridization will occur and result in the isolation of related repetitive sequences. Sorghum-speci®c repetitive cDNA tags were recognized by one of two methods. Some sorghum repetitive elements have been characterized during the sequencing of sorghum BACs (Avramova et al., 1996 ; V. Llaca, A. Lou, J.W. Messing, Genbank accessions AF061282, AF114171), and some of our isolated cDNA tags had homology to these previously described sequences. Other repetitive sequences were identi®ed because they were selected on more than one BAC. As our collection of cDNA tags selected on different BACs grows, our recognition of repetitive sequences will steadily improve. It would be better, however, if the isolation of repetitive sequences could be reduced, and recently we found that the addition of rDNA to the blocking solution used during hybridization reduced this source of repetitive DNA in our cloned sequences (data not shown). Therefore it may be possible to reduce the capture of other families of DNA sequence repeats by adding these sequences to the blocking solution. This strategy has been successfully used by others to reduce repetitive sequence background (Lovett et al., 1991; Parimoo et al., 1991; Tagle et al., 1993) .
The capture of repeat sequences from the pool of cDNA tags reduces the ef®ciency of direct selection, but otherwise will not lead to the incorrect mapping of genes on sorghum BACs. However, we found a small number of sequence tags that did not originate from sbb3766 and were not identi®ed as repetitive sequences. Of these, three different tags were related to sorghum ESTs (97% identity), and these ESTs could have been incorrectly assigned to BAC sbb3766. We realize that these non-repetitive background cDNA tags are likely to be captured multiple times on other BACs that actually encode the corresponding genes. Therefore, when a substantial portion of the sorghum genome has been scanned by direct selection, most of these incorrect assignments will be identi®ed. However, in the meantime, putative assignments of genes to BACs based on the capture of only a single sequence tag need to be con®rmed by additional data.
Direct selection with BAC sbb3766
The value of targeted relatively deep direct selection analysis of BAC coding capacity was tested using BAC sbb3766. Analysis of the complete sequence of this BAC indicated the presence of ten known genes and eight putative genes. The selection and analysis of only 230 cDNA tags on sbb3766 revealed sequences corresponding to eight of ten known genes and seven of eight predicted genes (Table 2 ). This degree of coverage (83%) is excellent, and is comparable to well executed EST projects that utilize subtraction or normalization procedures (Bonaldo et al., 1996; Rounsley et al., 1996; Rubin et al., 2000; Soares et al., 1994) . Moreover, additional genes might be identi®ed by increasing the complexity of the cDNA pool used for selection.
Even though it was possible to capture cDNA tags from the majority of genes on a single BAC, most of the cDNA tags isolated were derived from just four genes (Table 2 ). There are two reasons for the non-uniform distribution of selected cDNA tags. First, larger genes contain more MseI sites, and therefore these genes are represented by a larger number of different cDNA tags. For example, 17 different cDNA tags were captured from the 3.8 kb transcript encoded by PHYA. In contrast, actin and cytochrome C oxidase are relatively short genes, and only one tag was isolated from each. The acquisition of numerous cDNA tags from larger genes makes the type of cDNA selection described here less ef®cient for gene discovery compared to methods that extract only one sequence per gene (Hayashida et al., 1995; Seki et al., 1997) . However, if fulllength cDNA sequences were used for selection, it is likely that cDNA from small genes would be preferentially ampli®ed and cloned, and the 5¢-portions of large genes such as PHYA may never be isolated. Second, despite the normalization that occurs during the two rounds of selection, genes that are expressed at high levels are captured more frequently than genes expressed at low levels. The disparity in the number of different cDNA tags per gene means that sampling of cDNA tags must be fairly deep in order to ensure that every gene on a BAC is represented by at least one tag. Capturing more than one cDNA sequence per gene can aid gene identi®cation because some cDNA sequences (those from the 3¢-ends of genes) may be too diverged to identify related genes in other organisms. In addition, cDNA tags from different parts of a gene can help identify exons in genomic sequences. The method used here for cDNA tag preparation does ensure that tags can be recovered from all parts of even long genes (Figure 3 ). This type of information is particularly useful for identifying exons in unknown genes, and to increase con®dence in the existence of hypothetical genes predicted by gene-®nding programs. For example, two or more different cDNA tags were selected for four of the ten putative genes predicted to be present in sbb3766 (Table 2 ), providing strong evidence that these regions of sbb3766 encode actively transcribed genes.
Scanning linkage group B by direct selection
Direct selection can be used to map genes across large regions of the sorghum genome. The information obtained from this activity could help align the sorghum and rice genomes and identify regions of high and low gene density in the sorghum genome. To test the utility of this approach, cDNA tags were selected on 35 BACs located every 5±10 cM along sorghum linkage group B (Klein et al., 2000) . A total of 1317 cDNA tags selected on these BACs were sequenced. Overall, 492 unique cDNA tag sequences were obtained, and 185 of these had signi®cant homology (BLAST E values = 10 ±4 ) with ESTs or genes from numerous species. Two sorghum genes, Opaque-2 and a putative MADS box gene, and 58 sorghum ESTs, were placed on the sorghum genetic and physical map based on their identity with the selected cDNA tags (Figure 4) . As with the selected cDNA tags from sbb3766, a large percentage of the remaining non-repetitive cDNA sequences that do not have homology with any database sequences are probably derived from genes or other conserved features present in the 35 BACs used for selection. Some of these sequences may also have homology with genes and ESTs with BLAST E-values greater than 10 ±4 . We predict that other sequence tags will have sequence similarity to the homologous region of the rice or maize genomes, and will help identify currently unrecognized genes.
Based on the high ®delity of cDNA tag isolation on sbb3766, we are con®dent that most cDNA tags captured by linkage group B BACs have been correctly mapped. This con®dence is even higher in cases where the same tag is cloned repeatedly (data not shown), or when two or more tags selected by the same BAC have homology with the same gene or EST (Figure 4) . In many instances, cDNA tags from overlapping BACs are found to be identical (data not shown). When cDNA selection is performed on BACs spanning a trait locus or in a fully implemented, genomewide project, overlapping BACs will be used, and the isolation of identical cDNA tags from overlapping BACs will provide con®rmation of cDNA tag map positions.
The number of unique sequences collected per BAC on linkage group B ranged from two to 23. BACs that failed to select sequences related to known genes, or that selected low numbers of unique sequences, may be derived from gene-poor regions of the sorghum genome. These genepoor regions may be quite large. For example, selection of cDNA tags on linkage group D showed that ®ve BACs spanning 50 cM from the center of this linkage group were gene-de®cient, whereas ®ve BACs from the ends of this linkage group were gene-rich (data not shown). Evidence for regions of high and low gene density in grass genomes has been reported previously (Barakat et al., 1997; Carels et al., 1995) . In this study, up to 20 genes were identi®ed in BAC sbb3766 that spans 150 kbp. If this represents the average density of genes in gene-dense regions of the sorghum genome, and the genome of sorghum contains approximately 40 000 genes, then 60% of the sorghum genome will be gene-de®cient. A low-density scan of the gene content in sorghum BACs from the integrated genetic and physical map should allow subsequent in-depth work to focus on gene-rich portions of this genome.
Genome-wide cDNA selection is super®cially similar to an EST project, in that both result in numerous partial gene sequences. However, unlike an EST project, cDNA selection can be targeted and sampling done more thoroughly if gene information is required from a speci®c genetic or physical region of the genome. While additional effort is required to map EST clones, cDNA selection provides the genetic map locations of isolated cDNA tags, as well as ESTs that are related to the cDNA sequence tags. Also, because selected cDNA tags are linked to genomic clones, it is relatively easy to obtain promoter or full-length gene sequences starting from BAC clones if such information is needed. We estimate that selection and analysis of 50 cDNA tags from each of approximately 4000 BACs spanning the gene-rich portion of the sorghum genome (approximately 350 Mbp) could be accomplished with approximately 100 000 sequencing runs (concatenation providing two cDNA tag sequences per run). This information would allow most of the sorghum EST sequences to be mapped onto the sorghum genetic map. Additionally, the data from genome-wide cDNA selection in sorghum will also allow mapping of maize and rice genes and ESTs relative to the sorghum genome (Figure 4 ). An NSF Plant Genome Project grant (to J.E. Mullet and P.E. Klein) will fund cDNA selection from 50 Mbp of the sorghum genome as a ®rst step in this effort.
Genetic research in sorghum will bene®t from the rice genome sequencing project. However, exceptions to the colinearity between the sorghum and rice genomes are expected, and will require a high-resolution map of sorghum genes. The method described here uses cDNA selection in combination with an integrated genetic and physical map of sorghum to map most sorghum genes with a resolution of approximately 100 kbp. With a genome-wide map of sorghum cDNA tags and the complete rice genome sequence, it will be possible precisely to align the sorghum and rice genomes, and to determine the actual degree of colinearity between these two genomes. In the meantime, this procedure will greatly aid in the identi®cation of candidate genes when applied to physical regions spanning trait loci. We are currently using this technique in the search for genes controlling plant height, owering time, pollen fertility and stress tolerance.
Experimental procedures
BAC DNA preparation and binding to nucleolink tubes BAC clones used in this study came from two BAC libraries that were prepared at the Texas A&M University BAC Center. Both libraries were created using sorghum DNA from cultivar BTx623 (Tao and Zhang, 1998; Woo et al., 1994) . Individual BAC clones were chosen based on their linkage to the sorghum genetic map (Klein et al., 2000) . DNA from BAC clones was prepared using a combination of both classical alkaline lysis and a commercial DNA puri®cation column. Bacteria were grown overnight at 37°C in 10 ml LB medium with chloramphenicol (25 mg ml ±1 ). Cells were pelleted and resuspended in 400 ml solution I (50 mM glucose, 25 mM Tris± HCl pH 8.0, 10 mM EDTA). Cells were lysed with 500 ml solution II (0.2 N NaOH, 1% SDS), and the solution was neutralized by adding 500 ml of solution III (3 M potassium acetate, 2 M acetic acid) (Sambrook et al., 1983) . After removing cellular debris by centrifugation, nucleic acid was precipitated with the addition of 0.54 vol isopropanol. The precipitated nucleic acid was pelleted by centrifugation, washed with 70% ethanol and dried. This crude BAC DNA preparation was resuspended in 100 ml enzyme cocktail containing 12 units of EcoRI (Promega, Madison, WI, USA), 5 ml RNase Cocktail (Ambion, Austin, TX, USA), 90 mM Tris±HCl pH 7.5, 10 mM MgCl 2 and 50 mM NaCl. The nucleic acid was digested overnight, and the EcoRI BAC DNA fragments were further puri®ed with a DNeasy Plant Puri®cation Spin Column (Qiagen, Valencia, CA, USA) using a modi®ed protocol. The digested BAC DNA was mixed with 50 ml Qiagen Buffer AP3 and 100 ml ethanol. This solution was spun through a DNeasy minispin column. The column was washed twice with 500 ml Qiagen Buffer AW, and the puri®ed, digested BAC DNA was eluted with two washes of 100 ml Qiagen Buffer AE preheated to 65°C. After quanti®cation, EcoRI-digested BAC DNA was covalently bound to a Nucleolink tube (Nalge-Nunc, Naperville, IL, USA) by mixing 250 ng in 50 ml water with 25 ml 33 mM 1-methylimidazole (1-MeIm; Sigma, St Louis, MO, USA) and 25 ml 10 mM 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) in 10 mM 1-MeIm at pH 7.0 (Rasmussen et al., 1991) . The 10 mM EDC, 10 mM 1-MeIm solution was made daily by dissolving 77 mg EDC in 1 ml 40 mM 1-MeIm, then adding 9 ml water. The ®nal reaction contained 2.5 ng ml ±1 BAC DNA, 10 mM EDC and 10 mM 1-MeIm. The tubes were sealed with foil tape and incubated at 50°C for 4±24 h. Unbound BAC DNA was removed by washing the tubes three times with warm (50°C) 0.4 N NaOH with 0.25% Tween 20. The tubes were ®lled with this solution again and incubated at 50°C for 15 min. Three additional rinses with the alkaline wash solution were followed by seven rinses with water. The tubes were stored in a sealed plastic bag at ±20°C until needed.
Preparation of ampli®able cDNA tags
For the preparation of cDNA tags, RNA was isolated from leaf and root tissues of 14-day-old sorghum seedlings (cultivar BTx623). Total RNA was puri®ed with a cesium gradient (Klein et al., 1993) , and polyadenylated RNA was prepared with a Dynabeads Oligo (dT) 25 mRNA puri®cation kit (Dynal, Lake Success, NY, USA). Polyadenylated RNA was used for synthesis of cDNA using a Superscript Choice System for cDNA Synthesis kit (Life Technologies, Rockville, MD, USA). A modi®ed oligo-dT primer containing an MseI restriction site was used for cDNA synthesis (CGATGACTGCGGCCGCTACTCACTTTAA[T] 20 V). After puri®ca-tion of the cDNA using a Qiagen PCR Puri®cation spin column, the cDNA was digested with MseI (New England Biolabs, Beverly, MA, USA). Adapters were ligated to the ends of the MseI-digested cDNA by incubating 72 ng MseI-cut cDNA, 50 pmol Blunt End Adapter, 100 pmol Mse Adapter, 25 mM Tris±HCl pH 7.6, 5 mM MgCl 2 , 0.5 mM dithiothreitol, 1 mM ATP, and 0.5 units T4 DNA ligase (Life Technologies) in a 25 ml volume for 14 h at room temperature. Blunt End Adapter was made by annealing two oligos: CTCGTAGACTCCGGTCGAATTCCC and GGGAATTCG-ACCGGA. Mse Adapter was made by annealing two oligos: CAGCTTATTCAGGTCTGTCAGAATTCGTTCGGGAC and TAGTCC-CGAACG. Both these adapters contain EcoRI restriction sites (indicated by underlining). The adapter-ligated cDNA was diluted with 75 ml water and ampli®ed in a 100 ml reaction containing 2 ml adapter-ligated cDNA (approximately 5.8 ng), 50 pmol Blunt End Adapter Primer (CGTAGACTCCGGTCGAATT), 50 pmol Mse Adapter Primer (CAGCTTATTCAGGTCTGTCA), 2.25 units Taq DNA polymerase (Promega), 0.11 units Pfu DNA polymerase (Stratagene, La Jolla, CA, USA), 2.5 mM MgCl 2 , 50 mM KCl, 10 mM Tris±HCl pH 9.0, 0.1% Triton X-100, and 100 mM each of dATP, dTTP, dCTP and dGTP. Standard thermocycling conditions were 92°C, 3 min; 30 cycles of 92°C, 40 sec, 56°C, 1 min, 72°C, 1.5 min; 72°C, 10 min. After ampli®cation the reaction was cleaned of primers, primer dimers and free nucleotides by puri®cation with a Microcon 100 microconcentrator (Amicon, Beverly, MA, USA). Following puri®cation, the volume of the ampli®ed adapter ligated cDNA was adjusted to 100 ml.
Direct selection
The protocol from earlier descriptions of cDNA selection (Lovett et al., 1991; Parimoo et al., 1991) was modi®ed and used here. Nucleolink tubes containing covalently bound BAC DNA were preconditioned for 1 h at 65°C with 100 ml hybridization buffer (Denhardt, 1966) . Denatured salmon DNA (20 mg) and 1 ml (approximately 25 ng) denatured, ampli®ed, adapter-ligated cDNA were added to the hybridization buffer, mixed and hybridized for 14 h at 65°C to the BAC DNA. Unbound cDNA tags were removed with a series of 20 min washes at 65°C: three times with 1 Q SSC and 0.1% SDS, three times with 0.1 Q SSC and 0.1% SDS, and once with 0.1 Q SSC. The speci®cally hybridized cDNA tags were released into 100 ml water by heat denaturation. cDNA tags from the primary selection were ampli®ed as described above with the following changes. PCR was performed in a ®nal volume of 15 ml containing 1 ml cDNA tags from the primary selection, 0.375 units Taq DNA polymerase, 0.02 units Pfu DNA polymerase, and 20 pmol of each Blunt End Adapter Primer and Mse Adapter Primer were used.
A second round of cDNA selection was performed in a similar fashion. An unused Nucleolink tube with bound BAC DNA was preconditioned with hybridization buffer and salmon DNA for 1 h at 65°C. For secondary selection, 1 ml (approximately 25 ng) denatured ampli®ed primary selection cDNA tags was added to the hybridization buffer. After washing and release of the secondary selection cDNA tags in 100 ml water, 5 ml of the secondary selection cDNA tags were ampli®ed in a 100 ml reaction using the conditions described above for the initial preparation of ampli®able cDNA tags. The ampli®ed secondary selection cDNA tags were digested with EcoRI to cut off the adapter ends and to prepare the cDNA tags for cloning. The adapter fragments were separated from the cDNA tags with a Microcon 100 microconcentrator, and the cDNA tags were cloned into EcoRI-digested pBluescript II (SK) (Stratagene). Clones were sequenced on either an ABI 377 or an ABI 3700 (Perkin Elmer, Foster City, CA, USA).
Enrichment study
To assess the enrichment power of our modi®ed cDNA selection protocol, a target sequence was developed from the chloramphenicol-resistance gene (CAT) that resides within pBeloBAC11. Primers were chosen (CACTATCCCATATCACCAGCT and TAA-CCAGACCGTTCAGCTGG) that would allow the ampli®cation of a 164 bp portion of the CAT gene (bases 1164±1327 from pBeloBAC11, Genbank accession U51113) that contains an EcoRI restriction site and an MseI restriction site. After ampli®cation of the CAT fragment, the ampli®cation product was digested with EcoRI and MseI. Mse Adapter and Modi®ed Blunt End Adapter were ligated to the ends of the EcoRI-and MseI-digested CAT fragment. Modi®ed Blunt End Adapter was created by annealing two oligos (CTCGTAGACTCCGGTCG and AATTCGACCGGA-GTCTACGAG) that provide an EcoRI-compatible overhang. The adapter-ligated CAT fragment was ampli®ed in a 100 ml reaction using conditions identical to the ampli®cation reaction used for the preparation of cDNA tags. The ampli®ed CAT fragment was quanti®ed and mixed on a molar basis in a dilution series with ampli®ed and quanti®ed sorghum adapter-ligated cDNA tags. The CAT/sorghum cDNA tag samples were used for cDNA selection with sorghum BAC sbb 3766. After cloning of the secondary selection products into pBluescript II, transformed cells were plated on membranes that were overlaid on LB agar plates. An aliquot of the transformed cells was also plated on LB agar plates containing X-gal and IPTG. Colonies from the plates with X-gal were used to determine plating ef®ciency and the percentage of colonies containing inserts. The colonies that were grown on membranes were lysed, and plasmid DNA was ®xed to the membrane by UV cross-linking. Membranes were hybridized with a radioactively labelled 164 bp CAT PCR fragment. After washing and exposing the membranes to ®lm, the number of CAT-positive colonies was determined. The percentage of CAT clones was determined based on the calculated number of colonies containing inserts.
Sequence analysis
Sequence analysis involved identifying individual cDNA tags within clones and then performing various BLAST analyses on the individual cDNA tags. Sequence ®les were trimmed for quality, and vector was removed using SEQUENCHER software (Gene Codes Corporation, Ann Arbor, MI, USA). Sequences were then examined for the presence of adapter sequence and EcoRI restriction sites that delineate concatemerized cDNA tags within a single clone. When concatemers were detected, individual cDNA tag sequences were separated and placed into individual sequence ®les. All cDNA tag sequences were then exported as text ®les and were analyzed in bulk using BATCH BLAST (Smith et al., 1996) . BLAST analyses included BLASTN and BLASTX comparisons against the non-redundant nucleotide and protein databases, and TBLASTX comparisons against DBEST (Altschul et al., 1990) . All cDNA tags isolated in these experiments were also compared against each other using the`assemble' command in SEQUENCHER.
The analysis of cDNA tags that were selected by sorghum BAC sbb3766 involved additional comparisons. The nucleotide sequences of sorghum ESTs that were indicated by TBLASTX to have homology with sbb3766-selected cDNA tags were compared directly to those cDNA tags using BLASTN (Tatusova and Madden, 1999) . The same sorghum ESTs were then also compared directly to the sequence of sbb3766.
